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Ich	versichere	hiermit	 an	Eides	 statt,	 dass	 ich	die	Dissertation	mit	dem	Titel	 „Role	of	 sensory	
input	 in	 structural	 plasticity	 of	 dendrites	 in	 adult	 neuronal	 networks“	 selbständig	 und	 ohne	




Hiermit	 erkläre	 ich,	 dass	 ich	 mich	 nicht	 anderweitig	 einer	 Doktorprüfung	 ohne	 Erfolg	


























































































































































































spines	 and	 axons.	 Recent	 studies	 using	 modern	 imaging	 techniques	 have	 indicated	 that	 gross	
dendritic	 structures	 remain	 relatively	unchanged	 in	adult	networks,	 although	older	 studies	using	
conventional	 cell	 labelling	 techniques	have	 reported	 the	 contrary.	All	 the	 recent	 imaging	 studies,	
however,	have	investigated	plasticity	of	short	dendritic	stretches	of	genetically	unidentified	cells	in	
superficial	 cortical	 layers	due	 to	 technical	 limitations.	This	has	served	studies	on	spine	dynamics	
well	 so	 far.	 However,	 cortical	 plasticity	 is	 widely	 believed	 to	 be	 cell‐type	 and	 layer	 specific	 and	
hence,	 these	 results	 cannot	 be	 extended	 to	 all	 cell	 types	 and	 complete	 dendritic	 arborisations.	
Therefore,	 the	most	 effective	 way	 to	 study	 this	 contentious	 issue	 is	 to	 investigate	 the	 complete	
dendritic	trees	of	genetically	identified	cell	types	using	conventional	cell‐filling	techniques.	With	the	
availability	of	cell‐type	specific	EGFP	labelling	in	transgenic	mice	lines,	it	is	now	technically	possible	
to	 study	 arborisation	 patterns	 in	 genetically	 identified	 neurons	 with	 defined	 input	 and	 output	
pathways.		
Using	one	of	 these	recently	made‐available	mouse	 lines,	 in	my	thesis,	 I	have	 investigated	the	
influence	of	sensory	inputs	on	the	restructuring	of	dendritic	arborisations	in	thick‐tufted	layer	Vb	
pyramidal	cells	in	adult	cortex.		Using	a	mouse	line	with	EGFP	labelling	of	a	defined	subpopulation	
of	 cells	 in	 layer	 Vb,	 I	 found	 that	 sensory	 deprivation,	 in	 the	 form	 of	 whisker	 trimming,	 leads	 to	
shrinkage	 of	 apical	 and	 oblique	 dendrites.	 Layer	 Vb	 thick‐tufted	 GLT	 cells	 in	 primary	
somatosensory	 cortex	 (S1)	 showed	 the	maximum	differences	 in	between	experimental	 groups	 in	
comparison	to	cells	in	vibrissa	motor	cortex	(vM1).	Considering	that	the	shrinkage	of	dendrites	also	
simultaneously	leads	to	the	loss	of	spines,	both	stable	and	transient,	one	can	gauge	the	amount	of	
loss	 of	 spines	 for	 an	 affected	 cell.	 The	 profound	 implications	 of	 such	 dendritic	 shrinkage	 and	








High	 fidelity	 transfer	 of	 sensory	 cues	 from	 the	 environment	 is	 crucial	 for	 the	 existential	
guarantee	 of	 an	 organism.	 Through	 evolutionary	 need	 for	 the	 ‘survival	 of	 the	 fittest’,	 it	 is	
indispensable	that	an	organism	is	able	to	form	a	physical	representation	of	its	environment,	which	
subserves	the	potential	 for	the	animal	to	make	 judgements	and	decisions,	 tailor‐made	for	a	given	
scenario.	Through	the	years	of	evolutionary	history,	such	mechanisms	of	information	transfer	from	
the	external	environment	to	the	sensorium	of	an	organism	have	been	perfected	to	the	present	level.		
A	 fundamental	 challenge	 of	 neuroscience,	 then,	 is	 to	 map	 the	 neuronal	 circuitry	 in	 the	 higher	
processing	centre	of	the	brain,	the	cortex,	 in	order	to	obtain	a	better	 idea	about	how	it	processes	
the	 multi‐dimensional	 sensory	 information	 that	 it	 receives	 (Mountcastle,	 1988,	 Freeman,	 1998,	
Mountcastle,	2003,	Aronoff	et	al.,	2010,	Freeman,	2011).	One	such	higher	order	cognitive	ability	is	
the	 capacity	 to	 incorporate	 experiences	 into	 behaviour,	 a	 process	 commonly	 known	 as	 learning	
(Buonomano	 and	 Merzenich,	 1998).	 Obviously	 for	 the	 survival	 of	 an	 organism,	 it	 is	 not	 only	
necessary	 to	 have	 a	 physical	 representation	 of	 the	world	 around	 it,	 but	 to	 also	 use	 the	 acquired	
information	 to	 base	 their	 future	 decisions,	 including	 goal‐directed	 behaviour,	 on	 (Aronoff	 et	 al.,	
2010).		
Since	quite	some	time	now,	scientists	have	been	involved	in	the	exploration	of	the	brain	vis‐
à‐vis	 how	 an	 interconnected	 mass	 of	 tissue	 achieves	 the	 representation	 of	 the	 physical	 world	
outside	 into	 an	 internal	 representation	 in	 the	 animal	 (Mountcastle,	 1988).	 Such	 exploratory	
initiatives	were	primarily	based	on	anatomical	and	morphological	techniques	available	at	the	time,	
to	 describe	 the	 structural	 details	 of	 this	 mass	 of	 tissue,	 the	 brain.	 With	 the	 availability	 of	
physiological	 techniques,	 especially	 electrophysiology,	 scientists	 have	 been	 able	 to	 probe	 the	
functioning	 of	 single	 nerve	 cells	 as	 well	 as	 clusters	 of	 functionally	 similar	 cells	 under	 varying	
conditions	(Mountcastle,	1998).	Although	the	minutes	of	sensory	information	transfer	at	the	level	
of	 a	 single	 cell	 have	 been	 detailed	 out	 to	 a	 large	 extent,	 the	 mechanism	 behind	 co‐operative	









inquisitions	 have	 resulted	 in	 a	 detailed	 explanation	 of	 the	 cellular	 mechanisms	 that	 lead	 to	 the	
increased	 output	 of	 a	 cell	 to	 the	 same	 given	 stimulus	 over	 a	 period	 of	 time,	 a	 phenomenon	
described	 as	 synaptic	 plasticity	 (Mountcastle,	 1998,	 Malenka	 and	 Nicoll,	 1999,	 Malenka,	 2003,	
Malenka	and	Bear,	2004,	Kullmann,	2012).	Through	 the	decades	of	 research	 that	 followed,	 it	has	
been	 established	 that	 the	 nerve	 cells employ	 various	mechanisms	 to	 achieve	 such	 scaling	 of	 its	
responses	 in	 the	 face	of	 the	given	sensory	environment,	namely,	physiological,	 structural,	 genetic	
and/or	biochemical	(Buonomano	and	Merzenich,	1998,	Fox	and	Wong,	2005,	Sur	and	Rubenstein,	
2005).		
The	 scope	 of	 this	 thesis	 is	 limited	 to	 the	 investigation	 of	 the	 extent	 of	 structural	
reorganisation	 in	 response	 to	 deprivation	 of	 sensory	 input	 in	 the	 adult	 neocortex.	 Intuitively,	 if	
through	the	process	of	learning,	an	organism	can	alter	its	behaviour	to	a	given	sensory	stimulus,	it	
follows	 that	 a	 lack	 of	 the	 same	 might	 also	 be	 instrumental	 in	 inducing	 changes	 at	 the	 level	 of	
neuronal	 geometry.	 In	 this	 doctoral	 project,	 I	 have	 looked	 at	 possible	 structural	 remodelling	 of	
dendrites	 induced	 by	 a	 lack	 of	 sensory	 input,	 as	 such	 structural	 alterations	 form	 an	 important	




are	 usually	 the	 peripheral	 sensory	 receptors	 (for	 example	 the	 mechanoreceptors	 for	 touch,	
pressure,	 etc.),	 and	 are	 then	 sequentially	 and	multi‐synaptically	 sent	 to	 various	 levels	 of	 higher	
order	information	processing	hubs,	ultimately	culminating	at	the	cortex	(Mountcastle,	1998).	This	
passage	 of	 sensory	 information	 through	 the	 afferent	 sensory	 pathways	 of	 the	 nervous	 system	
renders	 it	 susceptible	 to	 modifications	 due	 to	 various	 natural	 synaptic	 constraints,	 as	 well	 as	





Marcus,	 2007).	 Due	 to	 this	 sequential	 and	 well	 mapped	 outflow	 of	 sensory	 information,	 these	






periphery	 is	 sensed	 by	 the	 mechanoreceptors,	 and	 then	 sent	 either	 through	 the	 primary	 fibres,	
gracile	and	cuneate	 funiculus,	 to	the	nuclei	 located	 in	the	dorsal	columns,	respectively	the	gracile	
and	the	cuneus	nucleus,	or	through	the	infraorbital	branch	of	the	trigeminal	nerve	to	the	sensory	
cranial	nerve	nuclei	in	the	brainstem,	i.e.	the	trigeminal	nuclei.	Second	order	projections	from	the	
dorsal	 column	 nuclei,	 in	 the	 form	 of	 the	 medial	 lemniscus,	 decussate	 or	 cross	 over	 to	 the	
contralateral	side.	Together	with	the	secondary	fibres	from	the	trigeminal	nuclei,	the	former	end	up	











Sensory	 cortices	 are	made	 up	 of	 columns,	 constituting	 of	many	minicolumns,	bound	 together	 by	
dense	 short‐ranged	 horizontal	 connections	 (figure	 1‐1).	 A	minicolumn	 is	 the	 smallest	 basic	 unit	
constituting	 the	 neocortex	 and	 consists	 of	 a	 narrow	 chain	 of	 about	 80‐100	 neurons	 extending	
vertically	across	the	layers	II‐VI.	So	the	cortical	columns	are	practically	composed	of	a	vertical	array	
of	cells	 that	 runs	orthogonal	 to	 the	 layered	structure	of	 the	cortex.	They	are	known	to	vary	 from	
300‐500	µm	in	width	across	species.	They	serve	as	complex	processing	and	distributing	units	that	
interleave	 several	 inputs	 with	 several	 outputs	 via	 processing	 pathways	 internal	 to	 the	 columns.	
Cortical	 columns	 are	 thus	 modularly	 organised	 and	 hence	 are	 sometimes	 called	 modules	
(Mountcastle,	 1998).	 First	 discovered	 in	 the	 somatosensory	 cortex	 by	 Mountcastle	 in	 cats	
(Mountcastle	 et	 al.,	 1957),	 it	 was	 also	 found	 to	 be	 true	 for	 the	 visual	 cortex	 (Hubel	 and	Wiesel,	
1962).		






















view	 that	 there	 is	 an	 elementary	 unit	 of	 organization	 in	 the	




However,	 apart	 from	place	 and	modality,	 other	 properties	 such	 as	 the	 afferent	 inflow	pattern	 or	
intracortical	connections	also	define	a	column.		Thus,	a	cortical	column	is	a	stereotypical	circuit	that	
is	 essentially	 repeated	 all	 over	 the	 neocortex,	 but	 differ	 in	 that	 they	 receive	 discrete	 functional	
thalamic	input	(Mountcastle,	2003). 
Similarly,	Hubel	and	Wiesel	first	described	the	presence	of	cortical	columns	in	the	primary	
visual	 cortex	 of	 monkeys	 and	 cats,	 when	 they	 found	 that	 neurons	 in	 the	 visual	 cortex	 were	
preferential	 in	 their	response	to	 the	place	and	modality	of	 the	stimulus	(Hubel	and	Wiesel,	1959,	
1968,	1977).	Such	cortical	columns	are	known	as	ocular	dominance	columns	 in	 the	visual	cortex,	









Wiesel	 and	 Hubel	 demonstrated	 that	 plasticity	 of	 the	 ocular	 dominance	 columns	 can	 be	
manipulated	 using	 experimental	 paradigms	 like	 monocular	 deprivation,	 where	 one	 eyelid	 is	
sutured	 closed	 (Hubel	 et	 al.,	 1977,	Wiesel,	 1982).	 In	 a	 series	 of	 elegant	 experiments	 during	 the	
1960s,	 they	 demonstrated	 that	 starting	 from	 eye	 opening,	 there	 exists	 a	 critical	 period,	 across	
which,	the	closing	of	an	eye	to	restrict	the	patterned	retinal	input	to	that	eye,	produces	changes	in	




















laid	 out	 in	 the	 exact	 somatotopic	 one‐to‐one	 fashion	 as	 the	whiskers	 on	 the	 snout	 of	 the	 animal	
(figure	1‐2)	(Woolsey	and	Van	der	Loos,	1970).	They	are	markedly	prominent	in	the	posteromedial	










(A)	are	represented	 in	a	one‐to‐one	manner	 in	 the	contralateral	 (left)	somatosensory	cortex	posteromedial	barrel	sub‐




Sensory	 innervation	 of	 the	 whisker	 follicles	 on	 the	 snouts	 of	 rodents	 is	 very	 high	 and	
multivarious	(Ebara	et	al.,	2002).	 In	rats,	about	200	trigeminal	ganglion	cells	 innervate	the	 larger	
follicles,	whereas	the	smaller	follicles	are	served	by	about	50	of	them	(Fox,	2008).	In	keeping	with	
this	trend,	the	area	of	cortex	devoted	to	whisker‐related	information	is	also	high.	Barrel	cortex	in	
mice	 forms	 about	 69%	 of	 the	 total	 somatosensory	 cortex	 area	 (Lee	 and	 Erzurumlu,	 2005).	 The	
whisker	 follicles	 are	 rich	 in	 vascular	 supply	 from	 the	 follicle	 sinusse;	 increased	 blood	 circulation	
leads	 to	 stiffening	 of	 individual	 vibrissae	 within	 their	 respective	 follicles.	 This	 results	 in	 the	
mechanoceptors	sitting	tighter	on	the	whiskers,	and	thus,	increasing	the	sensitivity	of	the	receptors	
to	given	mechanical	stimuli.	A	deflection	of	a	whisker	triggers	the	opening	of	the	mechanoceptive	
sensory	 channels	 gating	 the	 endings	 of	 the	 sensory	 innervation	 to	 the	 follicles.	 A	 single	 sensory	
neuron	responds	to	stimuli	from	only	one	specific	whisker	(Fox,	2008).		
The	resultant	depolarization	travels	through	the	infraorbital	branch	of	the	trigeminal	nerve	
to	 reach	 the	 corresponding	 nuclei	 of	 the	 trigeminal	 nerve	 in	 the	 brainstem.	 The	 neurons	 in	 the	
trigeminal	 nuclei	 at	 the	 level	 of	 the	 brainstem	 are	 somatotopically	 arranged	 into	 barelletes,	 the	
brainstem‐equivalent	 of	 barrels	 and	 get	 strong	 input	 from	 one	 single	 whisker	 (Kossut,	 1992,	





All	 four	 nuclei	 groups	 preserve	 the	 somatotopic	 representation	 of	 the	whiskers	 described	 above	
(Fox,	2008).		
Principalis	and	interpolaris	nuclei	form	the	main	projections	to	the	somatosensory	thalamic	
nuclei.	 The	 neurons	 from	 the	 principalis	 nucleus	 project	 mainly	 to	 the	 ventral	 posteromedial	
nucleus,	VPM,	and	sparsely	 to	 the	posteromedial	nucleus,	POm,	of	 the	 thalamus.	The	 interpolaris	
nucleus,	 on	 the	 other	 hand,	 projects	 exclusively	 to	 the	POm	nucleus.	 The	 conserved	 somatotopic	
organisation	 of	 the	 neurons	 here	 results	 in	 the	 anatomical	 barrel‐equivalents,	 named	 barelloids	
(Land	and	Simons,	1985,	Kossut,	1992,	Petersen,	2007,	Fox,	2008,	Aronoff	et	al.,	2010).		
The	 thalamic	 afferents	 from	 the	 individual	 barelloids	 of	 the	VPM	nucleus,	which	otherwise	
innervate	 the	 primary	 sensory	 cortex	 uniformly,	 form	 dense	 clusters	 of	 innervation	 in	 layer	 IV	
(Petersen,	 2007),	 separated	 by	 gaps	 marked	 by	 reduced	 innervation.	 The	 dense	 clusters	 of	




(Simons	 and	 Woolsey,	 1984).	 The	 gaps	 of	 sparse	 innervation	 mentioned	 above,	 surround	 the	








2000,	Fox,	2008).	However,	owing	to	 this	spatial	pattern	of	cell	body	and	 fibre	 localisation,	other	
ways	 to	 visualise	 barrels	 involve	 staining	 for	mitochondrial	 succinate	dehydrogenase,	 cytochrome	
oxidase	or	using	a	Nissl	stain	(Belford	and	Killackey,	1979).	Mitochondria	are	numerous	in	synapses,	











nuclei	 at	 the	 level	 of	 the	 spinal	 cord	 (two	 of	 which	 are	 shown	 here).	 From	 there,	 the	 information	 travels	 to	 the	 two	
thalamic	nuclei,	via	the	lemniscal	pathways	(red)	to	the	ventral	posteromedial	thalamic	nucleus	and	via	the	paralemniscal	
pathway	 (blue)	 to	 the	 posteromedial	 thalamic	 nucleus.	 The	 final	 station	 for	 the	 information	 train	 is	 the	 barrel	 cortex	
where	 the	 two	different	pathways	serve	specific	cortical	 layers	 (the	directions	of	 the	arrows	are	by	no	means	 the	only	
direction	in	which	information	flows).	
 
There	 are	 two	 separate	 projection	 systems	 to	 the	 barrels	 carrying	 barrel‐related	
information	 from	the	 thalamic	nuclei	 to	 the	cortex	 (figure1‐3)	 (Bureau	et	 al.,	 2006,	Brecht,	2007,	
Petersen,	 2007,	 Aronoff	 et	 al.,	 2010).	 The	 lemniscal	 pathway	 arises	 from	 the	 neurons	 of	 the	
prinicipalis	 nucleus	 and	 course	 their	 way	 up	 to	 the	 VPM	 nucleus	 in	 the	 thalamus.	 Next	 order	
neurons	from	this	thalamic	nucleus	course	up	to	innervate	primarily	layer	IV	barrels	in	the	cortex.	
In	addition,	they	also	connect	the	upper	layer	VI	and	layer	Vb	(Bureau	et	al.,	2006,	Petreanu	et	al.,	
2009,	 Cruikshank	 et	 al.,	 2010).	 The	 paralemniscal	 pathway,	 on	 the	 other	 hand,	 arises	 from	 the	
interpolaris	 nucleus	 in	 the	 brainstem	and	 innervates	 the	POm	nucleus	 in	 the	 thalamus,	which	 in	
turn,	innervates	the	layer	I	and	layer	Va	of	the	primary	somatosensory	cortex,	avoiding	the	layer	IV	
barrels	altogether	(Bureau	et	al.,	2006,	Petreanu	et	al.,	2009).	Moreover,	 the	projections	 from	the	






al.,	 2000,	 Deschenes,	 2009,	 Furuta	 et	 al.,	 2009).	 It	 is	 believed	 that	 these	 parallel	 processing	
pathways	are	involved	in	different	aspects	of	sensorimotor	information	in	rats	(Yu	et	al.,	2006);	in	









Given	 the	 complexity	 and	 multi‐modal	 nature	 of	 whisker‐sensory	 information	 and	 its	
triggered	 goal‐directed	 behaviour,	 it	 follows	 intuitively,	 that	 vibrissal	 sensory	 perception	 and	 its	
resulting	 behaviour	 is	 a	 consequence	 of	 activity	 in	 multiple	 brain	 areas	 and	 not	 just	 primary	
somatosensory	cortex	(Aronoff	et	al.,	2010).	Precisely	because	of	this	multi‐loci	cortical	processing	
of	sensorimotor	information,	it	is	important	to	take	into	consideration	the	intracortical	connectivity	
between	 the	 primary	 and	 secondary	 somatosensory	 cortices	 (S1	 and	 S2	 respectively)	 and	 the	
vibrissa	 motor	 cortex	 (vM1;	 mentioned	 briefly	 in	 the	 last	 section),	 in	 order	 to	 understand	 the	
underlying	 mechanisms.	 Especially,	 given	 the	 direct	
involvement	 of	 the	 motor	 cortex	 in	 the	 use	 of	
vibrissae,	 one	 can	 strongly	 argue	 for	 the	 possible	
existence	of	strong	connections	between	the	primary	
somatosensory	cortex	and	the	motor	cortex.		
Indeed,	 using	 anatomical	 tracers,	 functional	
imaging	 using	 voltage	 sensitive	 dyes	 and	 similar	
techniques,	 it	 has	 been	 established,	 that	 apart	 from	
the	 axonal	 innervations	 across	 a	 cortical	 column	 in	
the	 barrel	 cortex,	 the	 primary	 somatosensory	 cortex	
neurons	 (both	barrel‐	 and	 septa‐related)	 also	project	
to	the	secondary	somatosensory	cortex,	S2	(Welker	et	
al.,	1988,	Hoffer	et	al.,	2003,	Chakrabarti	and	Alloway,	
2006),	 and	 that	 these	 connections	 are	 reciprocal	
Figure	 1‐4:	 Intracortical	 connectivity	 of	 barrel
cortex.	 The	 primary	 somatosensory	 cortex	 (S1)	 is
reciprocally	 connected	 to	 the	 ipsilateral	 primary
motor	 cortex	 (M1)	 and	 secondary	 somatosensory
cortex	 (S2),	 as	 well	 as	 the	 contralateral	 primary





(Petersen,	 2007,	 Aronoff	 et	 al.,	 2010).	 Consequently,	 activity	 within	 an	 individual	 barrel	 column	
spreads	to	neighbouring	areas	rapidly	within	10‐20	ms	(Ferezou	et	al.,	2007).	This	 is	assumed	to	




cortex	 (Ferezou	 et	 al.,	 2007).	 This	 spread	 of	 the	 response	 to	 the	 motor	 cortex	 is,	 of	 course,	
dependent	on	the	activity	in	the	primary	somatosensory	cortex	(Chakrabarti	et	al.,	2008).	Labelling	








The	motor	 representation	 of	 the	 vibrissae	 in	 the	 motor	 cortex,	 named	 the	 vibrissa	 motor	
cortex	(vM1),	is	the	largest	of	its	kind	in	the	rodent	brain.	The	vibrissa	motor	cortex	takes	up	about	
45%	of	 the	primary	motor	cortex	 in	 rats	 (Brecht	et	al.,	2004a).	Through	surface	stimulation,	 and	
later,	through	microstimulation	studies,	it	has	been	possible	to	describe	the	functional	localization	
of	the	vibrissa	motor	cortex.	Unlike	previously	thought,	the	vibrissa	motor	cortex	turned	out	to	be	
bigger	 than	 just	 a	narrow	strip	 extended	along	 the	anterior‐posterior	 axis.	This	might	have	been	
due	to	the	mapping	techniques	used	at	the	time	that	failed	to	take	into	consideration	the	strongly	
curved	 rat	motor	 cortex	 (Brecht	 et	 al.,	 2006).	A	 gamut	of	 studies	now	 indicates	 that	 the	 vibrissa	
motor	cortex	 is	 located	 in	the	posteromedial	part	of	 the	 frontal	agranular	cortex,	anteromedial	 to	
the	barrel	cortex	(Neafsey	et	al.,	1986,	Brecht	et	al.,	2004a,	Ferezou	et	al.,	2007).	However,	despite	a	
general	 agreement	 on	 the	 spatial	 layout	 of	 the	 vibrissa	motor	 cortex,	 the	 functional	 topographic	
representation	of	the	body	in	the	motor	cortex	remains	unclear.	
The	 vibrissa	 motor	 cortex	 corresponds	 to	 the	 agranular	 medial	 area	 or	 AGm	 as	 shown	 in	






Worthwhile	 to	 note	 here	 is	 that	 the	 vibrissa	 motor	 cortex	 lacks	 any	 somatotopic	
representation	of	whiskers	in	the	form	of	barrel‐equivalents,	although	projections	from	the	primary	
somatosensory	 cortex	 are	 topographical.	 The	 vibrissa	 motor	 cortex	 receives	 strong	 projections	
from	extragranular	cells	above	and	below	the	septal	areas	(columns	of	neurons	aligned	with	septa	























neurons,	 the	 cellular	 building	 blocks,	 to	 produce	 various	 changes,	 among	 others	 structurally,	 in	
order	to	realise	the	altered	functionality	(Feldman	and	Brecht,	2005,	Fox	and	Wong,	2005,	Sur	and	
Rubenstein,	2005).	The	ability	of	neurons	to	scale	their	output	at	a	particular	synapse	according	to	
the	 history	 of	 activity	 at	 that	 synapse,	Hebbian	plasticity,	was	 first	 reported	 in	 the	 hippocampus	
(Andersen	and	Lomo,	1967),	and	was	later	also	found	in	the	neocortex	(Artola	and	Singer,	1987).		
It	 is	widely	 accepted	 that	 the	 relatively	unspecific	neuronal	 circuitry	 at	 the	 time	of	birth	 is	
sculpted	into	its	present	form	by	experience,	that	is,	sensory	information	that	it	receives,	a	process	
aptly	 described	 by	 John	 Locke’s	 metaphor	 of	 the	 tabula	 rasa.	 While	 there	 is	 evidence,	 that	 the	
blueprint	 to	 the	 basic	 neuronal	 geometry	 vis‐à‐vis	 its	 circuitry	 is	 laid	 out	 in	 the	 genome	 (Daw,	
2009),	 there	 is	 reason	 to	 believe	 that	 the	 ultimate	 hard‐wiring	 of	 the	 neurons	 is	 not	 entirely	
dependent	 on	 the	 genetic	 program,	 and	 that	 environmental	 inputs	 to	 the	 neurons	 also	 play	 an	
extensive	role	(Wiesel,	1982).			
Plasticity	during	development,	combined	with	experimental	manipulations	of	environment	or	
sensory	 inputs,	 have	 been	 amply	 demonstrated	 (Hubel	 and	 Wiesel,	 1970,	 Van	 der	 Loos	 and	
Woolsey,	 1973,	 Killackey	 et	 al.,	 1976,	 Hubel	 et	 al.,	 1977,	 Simons	 and	 Land,	 1987).	 In	 the	 visual	
cortex,	 neo‐natal	 deprivation	 of	 normal	 visual	 experience	 was	 shown	 to	 alter	 visual	 cortical	
circuitry	and	functions	(Hubel	and	Wiesel,	1970,	Hubel	et	al.,	1977).	At	the	same	time,	the	idea	of	a	
critical	 period	 was	 suggested	 by	 Hubel	 and	 Wiesel,	 during	 which	 the	 circuitry	 is	 especially	
vulnerable	 to	 environmental	 alterations	 (Hubel	 and	 Wiesel,	 1970,	 Hensch,	 2004).	 Similarly,	

















that,	 apart	 from	 small	 tip	 extensions	 and	 retractions,	 dendritic	 morphology	 (especially	 apical	
arborisations	of	pyramidal	neurons)	 remains	stable	unless	dramatic	 interventions	 like	peripheral	
lesions	 are	 in	 play	 (Grutzendler	 et	 al.,	 2002,	 Trachtenberg	 et	 al.,	 2002,	 Mizrahi	 and	 Katz,	 2003,	
Hickmott	 and	 Steen,	 2005,	 Tailby	 et	 al.,	 2005).	 This	 is	 partly	 because	 although	 the	 existence	 of	
functional	 plasticity,	 due	 to	 experimental	 manipulations	 or	 sensory	 deafferentation	 caused	 by	
injuries,	 had	 been	 confirmed	 in	 adult	 animals,	 experimental	 evidence	 for	 correlative	 structural	
changes	 in	 the	 gross	 dendritic	 architecture	 has	 been	 scarce	 (Tailby	 et	 al.,	 2005).	 Several	
investigations	have	looked	at	spine	dynamics,	dendritic	polarity,	axonal	restructuring	during	adult	
plasticity,	 as	 well	 as	 cortical	 representational	 map	 alterations,	 but	 rarely	 dendritic	 structural	
changes	 (Trachtenberg	et	al.,	 2002,	Hickmott	and	Steen,	2005,	Tailby	et	 al.,	2005,	De	Paola	et	al.,	
2006,	Frostig,	2006,	Holtmaat	et	al.,	2006,	Wimmer	et	al.,	2010,	Fu	and	Zuo,	2011,	Oberlaender	et	
al.,	2012).	However,	caution	must	be	exercised	 in	extending	these	 findings	 to	all	cell	 types	across	
cortical	layers	as	experience‐dependent	structural	plasticity	varies	between	cell	types	(Fu	and	Zuo,	
2011).	Moreover,	most	of	these	studies	did	not	look	at	cell	types	in	deeper	layers	because	current	
imaging	 techniques	 are	 limited	 to	 superficial	 layers;	 they	 also	 did	 not	 look	 at	 full	 dendritic	
arborisations,	choosing	instead	to	look	at	small	stretches	of	dendrites	at	a	time.	Currently	published	






share	 the	 same	 morphological	 characteristics	 are	 functionally	 identical	 and	 connect	 similarly.	
However,	 apart	 from	 some	 basic	 properties	 like	 place	 and	mode,	 other	 properties	 vary	 between	
cells	across	the	layers,	even	within	the	same	minicolumn	(Mountcastle,	2003).		The	identification	of	
genetically	identical	cell	types	throughout	the	cortical	areas	may	help	answer	the	question	whether	
morphology,	 connectivity,	 and	 response	 properties	 of	 cells	 with	 the	 same	 genetic	 identity	 are	
preserved	throughout	the	cortical	areas	or	whether	they	are	dependent	on	the	areas	of	the	cortex	






Two	such	 identified	 cell	 types	 in	 the	 infragranular	 cortical	 layer	V	are	 the	 thick‐tufted	and	
thin‐tufted	neurons,	the	thick‐tufted	being	in	layer	Vb	while	the	thin‐tufted	in	layer	Va,	that	respond	
differentially	to	sensory	stimuli	(Hallman	et	al.,	1988,	Larkman	and	Mason,	1990,	Groh	et	al.,	2010).	
The	 thin‐tufted	 neurons	 are	 striatum‐projecting,	 while	 the	 thick‐tufted	 neurons	 project	 to	 the	
brainstem,	pons,	posterior	nucleus	of	thalamus,	and	superior	colliculus	(Alloway,	2008,	Groh	et	al.,	
2008,	 Aronoff	 et	 al.,	 2010).	 These	 two	 cell	 types	 comprise	 the	main	 output	 sources	 of	 a	 cortical	
column	(Meyer	et	al.,	2010),	and	are	known	to	occur	throughout	several	cortical	areas	(Hubener	et	
al.,	 1990,	 Brecht	 et	 al.,	 2004b,	 Morishima	 and	 Kawaguchi,	 2006,	 Larsen	 et	 al.,	 2007,	 Sakata	 and	
Harris,	2009).		The	recent	availability	of	genetically‐labelled	cell	populations	of	the	thick‐tufted	and	
thin‐tufted	neurons	in	separate	mouse	lines	from	the	GENSAT	project	at	the	Rockefeller	University,	
New	York	 (www.gensat.org),	 has	made	 it	possible	 to	 test	 the	aforementioned	 issues	 (Gong	et	 al.,	
2003,	 Heintz,	 2004,	 Fu	 and	 Zuo,	 2011).	 One	 of	 these	 mouse	 lines,	 carrying	 bacterial	 artificial	
chromosomes,	BAC,	expresses	enhanced	green	flouorescent	protein,	EGFP,	in	thick‐tufted	neurons	
under	the	control	of	a	promoter	of	a	glycosyltransferase,	glycosyltransferase	25	domain	containing	2	
or	GLT	or	glt25d2.	Layer	V,	of	 the	six	 layered	neocortical	organization,	 is	a	major	cortical	output	
source	 for	 the	 subcortical	 structures	 (Alloway,	 2008,	Groh	 et	 al.,	 2008,	Aronoff	 et	 al.,	 2010),	 and	
studying	 the	 plasticity	 mechanisms	 of	 layer	 V	 cells	 stands	 to	 give	 an	 insight	 into	 the	 sensory	
modality‐specific	information	processing	in	the	brain.		
Using	 the	 mouse	 line	 with	 the	 selective	 labelling	 of	 thick‐tufted	 cells	 throughout	 the	
neocortex,	I	have	investigated	the	extent	of	sensory	input	driven	(experience‐dependent)	dendritic	
plasticity	 in	 the	 whisker‐representative	 cortex	 in	 adult	 animals.	 Due	 to	 a	 distinct	 topographic	
arrangement	 of	 the	whiskers	 and	 their	 representation	 in	 the	 cortex,	 coupled	with	 the	 ease	with	
which	 whiskers	 can	 be	 manipulated,	 the	 barrel	 cortex	 has	 proven	 to	 be	 a	 system	 of	 choice	 for	
experimental	studies	on	plasticity	or	effect	of	environment	on	circuit	rearrangements	(Buonomano	
and	Merzenich,	1998).		




whisker‐related	 cortical	 areas	 in	 control	 animals	 with	 those	 in	 sensory	 deprived	 animals	





















































Borosilicate	glass	capillaries	(outer	diameter	0.02	cm,	length	0.75	cm,		 	 	 	
































































































































All	 experiments	were	 conducted	according	 to	 the	German	animal	welfare	 regulations	and	
that	of	the	Max	Planck	Institute	of	Neurobiology,	Martinsried.	Mice	of	both	sex	and	post	natal	age	28	












Glt25d2	 BAC‐EGFP	 transgenic	 mice,	 that	 expressed	 EGFP	 in	 a	 subpopulation	 of	 layer	 Vb	




expression	 of	 EGFP	 in	 these	mice	 and	 their	 genetic	make‐up	 is	 available	 on	 the	 GENSAT	 project	












trimmed	 animals	 were	 housed	 with	 their	 trimmed	 littermates	 in	 cages	 with	 a	 maximum	 of	 six	
animals	per	cage.	
2.2.5 	Control	animals	
Glt	 animals	 that	 comprised	 the	 control	 group	 were	 likewise	 housed	 with	 their	 control	



























procedures.	 When	 the	 mice	 stopped	 moving,	 a	 quick	 intra‐peritoneal	 injection	 of	 7%	 chloral	
hydrate	solution	was	administered	taking	care	not	 to	puncture	any	 internal	organs.	 Ideally	about	
300	mg	Chloral	hydrate	per	kilogram	body	weight	was	used.	The	mice	were	then	laid	on	their	backs	
in	the	cage	and	constantly	checked	for	the	disappearance	of	 the	toe	reflex	on	pinching.	When	the	
toe	 reflex	 was	 totally	 abolished,	 the	 animal	 was	 transferred	 to	 the	 dissecting	 platform	made	 of	
styrofoam.	Next,	the	limbs	were	tightly	pinned	to	the	platform	using	dissecting	pins.	The	skin	was	













the	 slicing	 platform	 with	 the	 cut‐face	 down	 using	 cyanoacrylate	 glue.	 The	 platform	 was	 then	
transferred	to	the	slicing	chamber	containing	ice‐cold	carbogenated	choline‐ACSF.	
Thalamocortical	 slices	 of	 the	 right	 hemisphere	 containing	 the	 somatosensory	 cortex	 and	 the	








tissue.	 Thereafter,	 4	 slices	were	 accepted	 for	 experiment	 out	 of	 which	 only	 the	 first	 three	were	
mostly	used	for	experiment.	
2.2.7.2 Coronal	slices	of	vibrissa	motor	cortex	






was	 then	 used	 to	 make	 a	 cut	 through	 the	 tissue	 at	 an	
angle	 of	 90°	 to	 the	 posterior‐anterior	 axis	 of	 the	 brain,	
intersecting	 this	axis	at	about	 its	anterior	 two‐third.	The	
tissue	rostral	to	the	cut	was	used	for	slicing	with	the	cut	
surface	 glued	 onto	 the	 vibrotome	 stage	 with	 the	 pia	
(dorsal	surface)	facing	the	blade.	
Starting	 from	 the	 topmost	 surface	 (rostro‐caudal	
axis),	1.2	mm	of	tissue	was	cut	off	 to	expose	the	primary	
motor	cortex	area	of	interest.	Subsequently,	three	slices	of	
300µm	 width	 were	 used	 for	 experiments.	 Both	





Layer	Vb	 thick	 tufted	neurons	 in	 both	 barrel	 cortex	 and	 the	 vibrissal	motor	 cortex	 of	Glt	




seal,	 following	which	the	cell	membrane	patch	was	broken	through	to	 let	 the	cell	get	 loaded	with	
biocytin.	
Figure	2‐2: The	cutting	ramps.	10°	 ramp	 top
(used	 for	 motor	 cortex	 slices)	 and	 10°	 ramp






Having	 achieved	 the	 membrane	 break‐in,	 the	 cells	 were	 allowed	 to	 be	 loaded	 with	 the	
biocytin	by	passive	diffusion	 for	20‐30	minutes.	 It	was	usual	 for	 the	cell	body	 to	become	visually	
unclear	under	DIC	optics	upon	successful	filling	possibly	owing	to	the	change	in	refractive	index	of	
the	cell.	After	the	desired	filling	time,	the	patch	pipette	was	slowly	but	steadily	withdrawn	from	the	
cell	 body	 taking	 care	 to	 allow	 the	 membrane	 of	 the	 cell	 to	 snap	 shut	 again.	 Following	 the	



























from	the	peroxide	 reaction	stopped	appearing.	The	wash	was	repeated	6‐8	 times	and	 for	10	min	








Figure	 2‐3:	 The	 DAB‐avidin‐biotin	 staining	 reaction	 and	 its	 end	 product. A. Schematic	 showing	 the	 chemical	
reactions	during	the	DAB‐ABC	staining	 for	biocytin	resulting	 in	darkly	stained	cells	on	a	clear	background	as	shown	in	
adjacent	 photographs	 (HRP	 and	DAB	 abbreviated	 in	 the	 figure	 stand	 for	 respectively	 horseradish	 peroxidase	 and	 3,3’‐
















100X	 magnification.	 Neurolucida	 is	 a	 computer	 based	 tracing	 software	 along	 the	 lines	 of	 the	
manually	operated	Camera	Lucida,	except	that	it	is	semi‐automated	and	does	not	involve	a	pen	and	
paper	based	tracing.	One	can	see	the	filled	cell	on	the	computer	monitor	through	a	live	camera	feed	
and	use	the	mouse	to	 trace	 the	processes	of	 the	cell	by	virtue	of	an	 interactive	
interface	 on	 the	 computer	 monitor.	 Apart	 from	 the	 cell,	 the	 approximate	
contours	 of	 the	 slice	 as	 well	 as	 layer	 IV	 boundaries	 were	 also	 traced.	
Consequently,	the	final	raw	tracing	consisted	of	the	cell	body,	the	basal	and	the	
apical	dendrites,	the	pia,	the	white	matter,	and	the	layer	IV	border	with	layer	V.	
Also	 in	 cases	 of	 the	 somatosensory	 cortex	 cells,	 the	 barrel	 borders,	 wherever	
clearly	visible,	were	traced	to	show	the	location	of	the	cell	relative	to	the	barrel.	




of	 the	pia	 directly	 over	 the	 soma	 remained	horizontal.	Using	 the	 custom‐made	














The	 reconstructed	 cells	 in	 3D	were	 then	 analysed	 for	 the	 dendritic	 parameters	 using	 the	
NeuroLucida	Explorer,	the	accompanying	data	analysis	tool	with	Neurolucida.		




Following	 primary	 analyses	 with	 Neuroexplorer,	 the	 ‘.asc’	 format	 cells	 from	 Neurolucida	
were	 converted	 into	 ‘.hoc’	 file	 format	 using	 a	 custom‐written	 MATLAB‐based	 programme,	









achieved	 this	by	calculating	 the	quantity	of	dendrites	 in	a	bin	volume	of	50	µm³	along	 the	entire	
length	of	a	cell.	It	could	do	this	for	each	individual	cell	or	for	a	pool	of	cells	grouped	together.	What	
resulted	 was	 a	 linear	 two	 column	 output	 Microsoft	 Excel	 sheet	 containing	 the	 dendritic	 length	
contained	 in	 every	 50	 µm³	 bin	 size.	 It	 also	 generated	 and	 integral	 value	 of	 the	 all	 the	 bin‐wise	






To	visualise	 the	quantitative	dendritic	 distribution	of	 a	 cell	 along	 the	 vertical	 span	of	 the	
cell,	 it’s	2D	dendritic	profile	(also	called	the	dendritic	z‐profile),	the	result/output	sheet	generated	







11.0	software.	The	dendritic	parameters	were	 imported	 from	Microsoft	Excel	 files	 into	SigmaPlot	































of	 the	 promoter	 for	 the	 enzyme	 glycosyltransferase	 25	 domain	 containing	 2	 (GLT	 or	 glt25d2),	
characteristically	 found	 in	 a	 subpopulation	 of	 the	 thick‐tufted	 neocortical	 pyramids	 occurring	 in	
layer	Vb	 (Gong	 et	 al.,	 2003,	Heintz,	 2004).	The	GLT‐pyramidal	 cells	 constituted	 about	 12%	of	 all	




their	 depth	 parameters	 and	 contour	 measurements.	 Subsequently,	 I	 would	 present	 the	
morphological	 differences	 at	 the	 level	 of	 the	 dendrites	 between	 the	 different	 experimental	
conditions	and	cortical	regions.		
3.1 Depth	distributions	and	cell	galleries	
Following	 the	 filling,	 staining	 and	 embedding	methods	 described	 in	 chapter	 ‘Materials	 and	
Methods’,	 the	 cells	 were	 placed	 under	 a	 light	 microscope	 and	 reconstructed	 using	 the	 tracing	
software	Neurolucida.	Thus,	complete	datasets	were	established	for	the	layer	Vb	thick‐tufted	GLT	
cells	 from	 the	primary	 somatosensory	cortex	 in	animals	both	 from	control	 and	whisker	 trimmed	
(sensory	 deprived)	 groups.	 Similarly,	 datasets	 of	 GLT	 cells	 were	 accumulated	 from	 the	 vibrissal	



































































































































































































































































obtain	 the	 corresponding	 scaling	 factor.	 For	 viewing	purposes,	 this	 scaling	 factor	was	 simply	 fed	
into	 AMIRA	 to	 obtain	 a	 3D	 scaled	 version	 of	 the	 cell.	 Similarly,	 the	 original	 depth	 and	 distance	




















Also	 in	order	 to	make	 the	analysis	as	accurate	as	possible	 the	cells	were	also	stripped	off	
their	apical	dendrites,	basal	dendrites	and	soma,	leaving	just	the	oblique	dendrites	intact	and	ready	
to	be	analysed	separately.	This	was	necessary	as	the	Neuroexplorer	software	used	for	the	primary	
analyses	 of	 the	 dendritic	 parameters	 was	 unable	 to	 identify	 the	 oblique	 dendrites	 as	 separate	
entities.	 These	 oblique	 dendrites	were	 then	 also	 scaled	 along	 the	 x‐,	 y‐	 and	 z‐axes	 similar	 to	 the	
scaling	of	the	complete	cells	as	described	above.	
The	 following	 galleries	 (galleries	 3.1.1.1	 ‐	 3.1.4.6,	 pages	 38‐73)	 present	 the	 original,	
unscaled	cells	 comprising	each	cell	 groups	 from	a	soma‐oriented	and	a	 tuft‐oriented	perspective.	
Each	 cell	 group	 is	 also	 shown	with	 individual	 cell	 depths	and	 contour	distances	 indicated	beside	
respective	 cells.	 Further,	 subsequent	 galleries	 show	 the	 scaled	 cells	 with	 their	 scaled	 distances	



























































Gallery	 3.1.1.4:	Depiction	 of	 scaled	 primary	 barrel	 cortex	 (S1)	GLT	 control	 cells	with	 the	
respective	scaled	distances	depicted	alongside.	

















































































































Gallery	3.1.2.4:	Depiction	of	scaled	primary	barrel	cortex	 (S1)	GLT	 trimmed	cells	with	 the	
respective	scaled	distances	depicted	alongside.	




















































































































































































































































































The	Neurolucida	 reconstructed	 cells	 in	 the	 .asc	 file	 format	 can	be	directly	opened	with	 the	
Neuroexplorer	 and	 can	 be	 analysed	 for	 different	 dendritic	 parameters.	 For	 example,	 using	 the	
“branched	 structure	 analysis”	mode	 and	 selecting	 “neuron	 summary”	 yields	 the	 counts	 of	 nodes,	
endings,	 lengths,	area,	volume,	etc.	So	both	the	primary	somatosensory	cortex	cells	as	well	as	the	




1034	 µm	 (n=31)	 and	was	 highly	 significantly	 different	 from	 the	mean	 apical	 dendritic	 length	 of	
6074	±	997	µm	(n=36)	of	the	trimmed	group	(p=<0.001).	But	the	mean	basal	dendritic	length	of	the	
control	group	(3610	±	717	µm)	was	not	found	to	be	different	from	that	of	the	trimmed	group	(3291	
±	 1056	 µm).	 In	 addition,	 the	mean	 number	 of	 nodes	 in	 the	 apical	 tree	 of	 the	 control	 group	was	
slightly	albeit	 significantly	higher	 than	 that	 in	 the	 trimmed	group.	A	 separate	 analysis	of	 just	 the	
stripped	oblique	dendrites	similarly	revealed	a	significant	difference	between	the	control	(2795	±	
717	µm)	and	the	trimmed	(2438	±	713	µm)	groups	(p	=0.046).	All	data	are	shown	in	graphs	below.	
However,	 a	 look	 at	 the	 pia‐layer	 IV	 distances	 and	 the	 pia‐soma	 distances	 also	 revealed	











































































































Neuroexplorer	 analysis	 of	 all	 the	 apical	 and	 basal	 dendritic	 parameters	 of	 the	 vibrissal	
motor	 cortex	GLT	 cells	 failed	 to	 reveal	 any	differences	between	 the	 control	 (n=28)	 and	 trimmed	
groups	 (n=29).	 The	 only	 exceptions	 were	 the	 pia‐WM	 distance	 and	 the	 number	 of	 oblique	















vM1	cells,	 I	 failed	 to	observe	 any	 significant	differences	 in	dendritic	 lengths	between	 the	 control	
and	trimmed	groups.	All	data	are	shown	in	graphs	below.	
	

























































































































































































dendrites.	 Usually	 dendritic	 density	 readout	 showed	 a	 feature	 preserved	 across	 cells:	 dendritic	
density	 (implicating	 complexity	 as	 well)	 was	 really	 high	 near	 the	 pia	 where	 these	 GLT	 cells	
horizontally	 fan	 out	 their	 dendrites.	Moving	 down	 from	 the	 pia	 resulted	 in	 gradually	 decreasing	
dendritic	 density	 readouts	 which	 then	 abruptly	 decrease	 to	 stereotypically	 low	 values	 before	
increasing	 again	 in	 density	 and	 complexity	 signifying	 the	 start	 of	 the	proximal	 oblique	dendrites	
and	 the	basal	dendrites.	 I	 selected	 the	 topmost,	high	density	values	 till	 the	abrupt	drop	 in	values	
came	and	marked	this	as	the	apical	tuft.	This	was	done	for	each	individual	cell.		





The	mean	 length	of	visually	selected	apical	 tuft	of	 the	control	group,	3811	±	783	µm,	was	
significantly	higher	than	that	of	the	trimmed	group,	namely,	3078	±	921	µm	(p=<0.001).	Expectedly,	
10,	20	and	30%	apical	 tufts	were	also	significantly	 longer	 in	 the	control	group	 than	 the	 trimmed	
group.	The	mean	10%	apical	tuft	 length	of	the	control	group	was	2429	±	745	µm	whereas	that	of	
the	 trimmed	 group	 was	 2049	 ±	 709	 µm	 (p=0.036).	 20%	 apical	 tuft	 length	 of	 the	 control	 and	
trimmed	 groups	were	 3394	 ±	 736	µm	and	2784	±	 804	µm	 respectively	 (p=0.002).	Mean	 control	
30%	 apical	 tuft	 length	 was	 3688	 ±	 729	 µm	 in	 contrast	 to	 trimmed	 length	 of	 3039	 ±	 826	 µm	












Supporting	 the	 data	 from	 the	 Neuroexplorer	 analyses	 of	 the	 unscaled,	 original	 vibrissal	










Next,	 I	 separately	 analysed	 the	 vibrissal	motor	 cortex	 cells	 divided	 into	 the	 two	 groups	 as	
mentioned	above	in	the	‘Neuroexplorer	analyses’	section,	namely,	upper	and	lower	vibrissal	motor	




tier	 analyses	 of	 original,	 unscaled	 cells	 with	 Neuroexplorer	 and	 Rembrandt,	 one	 needed	 an	
objective	analytical	method	that	could	address	the	issues	of	variability	in	soma	depth	and	contour	
distances	between	the	two	groups.	This	was	especially	imperative	in	order	to	interpret	the	stated	
















case	 of	 30%	 apical	 tuft	 length,	 the	 control	 group’s	 mean	 value	 was	 3738	 ±	 799	 µm	 while	 the	
trimmed	group’s	mean	 length	was	3060	±	955	µm.	The	stripped	oblique	dendrites	of	 the	S1	GLT	
cells	were	also	scaled	using	the	same	scaling	factor,	individual	to	each	cell,	and	then	subjected	these	










































































































































Not	 surprisingly,	 the	 trends	 shown	 by	 the	 Neurolucida	 and	 Rembrandt	 analyses	 of	 the	
unscaled	cells	were	backed	up	by	the	Rembrandt	results	of	the	scaled	vM1	cells.	None	of	the	10,	20	
or	30%	apical	tuft	lengths	showed	any	significant	differences	between	control	and	trimmed	groups.	




trimmed	group	was	3288	±	826	µm.	Lastly,	 the	oblique	dendritic	 length	average	 for	control	 cells	
was	 3277	 ±	 644	 µm	 over	 2978	 ±	 598	 µm	 for	 the	 trimmed	 cells.	 Also	 in	 this	 case,	 no	 significant	
differences	existed.	All	data	are	shown	in	graphs	below.		
Interestingly,	the	trimmed	group	apical	tuft	lengths	were	higher	than	the	control	group	but	
this	was	most	 probably	 attributable	 to	 random	 sampling	 variability.	 Similarly,	 it	 was	 difficult	 to	

































































































































Like	 earlier	 analyses,	 I	 also	 analysed	 the	 scaled	 vM1	 cells	 after	 dividing	 them	 into	 upper	
vM1	and	lower	vM1	subgroups.		
3.4.2.1 Upper	vibrissa	motor	cortex	(upper	vM1)	GLT	cells	
Rembrandt	 analysis	 of	 the	 scaled	 versions	 of	 these	 cells	 revealed	 that	 there	 were	 no	








































































































































either	 the	 different	 apical	 tuft	 lengths	 or	 the	 oblique	 dendrite	 lengths.	 10%	 apical	 tuft	 length	










































































































































Although	 the	 Neuroexplorer	 analysis	 of	 the	 original,	 unscaled	 cells	 indicated	 the	 existing	
differences	between	the	control	and	trimmed	groups	exhaustively,	a	method	was	needed	to	validate	
these	differences	 in	 the	 light	of	 the	existing	differences	 in	 the	 soma	depth,	pia‐WM	distance,	pia‐
layer	4	distances	between	the	groups.	Only	then	could	these	differences	be	established	conclusively	
as	 valid	 effects	 of	 the	 sensory	 deprivation	 paradigm	 (whisker	 trimming	 in	 this	 case).	 Hence,	 I	
investigated	the	stated	differences	 first	 in	the	original,	unscaled	cells	using	Rembrandt,	a	custom‐
written	 programme	 that	 takes	 care	 of	 registering	 and	 normalizing	 the	 cells	 to	 standard	 contour	
distances	chosen	by	the	user.		
The	parameters	 in	contention,	where	a	possible	 trimming	effect	was	 thought	 to	exist,	were	
the	apical	tuft	 lengths	and	the	oblique	dendrite	lengths.	The	definition	of	the	apical	tuft	 in	case	of	
Rembrandt	 analysis	 was	 stricter	 than	 Neuroexplorer	 analysis	 in	 order	 to	 exclude	 the	 proximal	
oblique	dendrites	(which	constituted	a	separate	quantity	 for	analysis)	completely	 from	the	apical	





ground.	 I	 confirmed	 previously	 that	 this	 was	 indeed	 the	 case	 and	 that	 the	 stated	 differences	
between	 the	groups	were	also	present	 in	 the	Rembrandt	results	 from	original	cells.	While	 the	S1	
GLT	 cells	 from	 control	 group	 showed	 significant	 differences	 in	 their	 apical	 tuft	 and	 oblique	
dendrites	 (basal	 dendrites	 showing	 no	 significant	 differences)	 in	 comparison	 to	 those	 from	 the	
















Taken	 together,	my	 results	 show	 that	 the	 apical	 tufts	 and	 oblique	 dendrites	 of	 the	 control	
group	of	cells	are	significantly	longer	than	those	from	the	trimmed	group	of	cells	in	case	of	S1	GLT	
cells	 (at	 all	 levels	 of	 analysis)	 while	 only	 the	 upper	 vM1	 cells	 from	 the	 control	 group	 exhibited	





















Cell		and	 Pia‐WM Pia‐ Pia‐soma Pia‐ Apical	 Nodes	 Endings	 Basal	 Nodes Endings Number		of
group	type (µm) lower	 (µm) upper	 dendritic	 in	apical in	apical dendritic	 in	basal in	basal 1°	basal
L4(µm) L4(µm) length	(µm) tree tree length	(µm) tree tree dendrites
BC	GLT	control 1174	±	124 623	±	45 741	±	58 431	±	60 7049		±	1034 46	±	7 47	±	7 3610	±	717 25	±	8 33	±	8 8	±	2
BC	GLT	trimmed 1228	±	116 663	±	42 784	±	72 472	±	46 6074	±	997 42	±	8 43	±	8 3291	±	1056 24	±	8 31	±	9 7	±	2
Comparison	between	the	two	groups




















Cell		and	 Number	of	 Oblique	 Rembrandt	scaled	
group	type oblique	 dendrite	 oblique	dendrite
dendrites length	(µm) length	(µm)
BC	GLT	control 11	±	3 2795	±	717 2774	±	656


















Cell		and	 Rembrandt Rembrandt Rembrandt Rembrandt Oblique	
group	type visually	selected 10%	apical	 20%	apical	 30%	apical	 dendrite	
apical	tuft	 tuft	length tuft	length tuft	length length
length	(µm) (µm) (µm) (µm) (µm)
BC	GLT	control 3811	±	783 2429		±	745 3394	±	736 3688	±	729 2773	±	713	
BC	GLT	trimmed 3078		±	921 2049	±	709 2784	±	804 3039	±	826 2422	±	710
Comparison	between	control	and	trimmed	groups























Cell		and	 Rembrandt Rembrandt Rembrandt Oblique	
group	type 10%	apical	 20%	apical	 30%	apical	 dendrite
tuft	length tuft	length tuft	length 	length
(µm) (µm) (µm) (µm)
BC	GLT	control 2360		±	859 3505	±	804 3738	±	799 2774	±	656
BC	GLT	trimmed 1825	±	776 2828	±	935 3060	±	955 2406	±	615
Comparison	between	control	and	trimmed	groups

















Cell		and	 Pia‐WM Pia‐ Pia‐soma Pia‐ Apical	 Nodes	 Endings	 Basal	 Nodes Endings Number		of
group	type (µm) lower (µm) upper dendritic	 in	apical in	apical dendritic	 in	basal in	basal 1°	basal
L4	(µm) L4	(µm) length	(µm) tree tree length	(µm) tree tree dendrites
vMC	GLT	control 1501	±	177 733	±	104 6635	±	1140 45	±	9 47	±	9 3528	±	588 22	±	5 30	±	5 9	±	2
vMC	GLT	trimmed 1393	±	83 686	±	95 6585	±	885 44	±	8 46	±	8 3580	±	687 23	±	6 32	±	6 9	±	2
Comparison	between	the	two	groups














































Cell		and	 Basal	 Apical	 Oblique
group	type dendritic	 dendritic	 dendrite
length length	 length	
(µm) (µm) (µm)
Upper	vMC	GLT	control 3260	±	546 6632	±	588 3320	±	462





















Cell		and	 Basal	 Apical	 Oblique
group	type dendritic	 dendritic	 dendrite
length	(µm) length	(µm) length	(µm)
Lower	vMC	GLT	control 3729	±	551 6638	±1444 3246	±	771















Cell		and	 Rembrandt Rembrandt Rembrandt Rembrandt Oblique	
group	type visually	selected	 10%	apical	 20%	apical	 30%	apical	 dendrite	
apical	tuft		 tuft	length tuft	length tuft	length length
length	(µm) (µm) (µm) (µm) (µm)
vMC	GLT	control 2569	±	789 2145	±	725 2663	±	736 3212	±	879 3259	±	656
vMC	GLT	trimmed 2909	±	663 2253	±	730 2882	±	695 3351	±	766 2964	±538
Comparison	between	the	control	and	trimmed	groups

























Cell		and	 Rembrandt Rembrandt Rembrandt Oblique	
group	type 10%	apical	 20%	apical	 30%	apical	 dendrite	
tuft	length tuft	length tuft	length length
(µm) (µm) (µm) (µm)
vMC	GLT	control 2042	±	736 2666	±	783 3180	±	852 3277	±	644
vMC	GLT	trimmed 2341	±	751 2948	±	767 3288	±	826 2978	±	598
Comparison	between	the	control	and	trimmed	groups



















Cell		and	 Rembrandt Rembrandt Rembrandt Oblique	
group	type 10%	apical	 20%	apical	 30%	apical	 dendrite	
tuft	length tuft	length tuft	length length
(µm) (µm) (µm) (µm)
Upper	vMC	GLT	control 2370	±	391 2797	±	396 3437	±	616 3294	±	463
Upper	vMC	GLT	trimmed 2493	±	779 3138	±	701 3686	±	734 2903	±	521
Comparison	between	the	control	and	trimmed	groups

















Cell		and	 Rembrandt Rembrandt Rembrandt Oblique	
group	type 10%	apical	 20%	apical	 30%	apical	 dendrite	
tuft	length tuft	length tuft	length length
(µm) (µm) (µm) (µm)
Lower	vMC	GLT	control 1977	±	874 2563	±	914 3044	±	1021 3233	±	785
Lower	vMC	GLT	trimmed 2029	±	626 2643	±	619 3039	±	675 3020	±	565
Comparison	between	the	control	and	trimmed	groups




















Cell		and	 Rembrandt Rembrandt Rembrandt Oblique	
group	type 10%	apical	 20%	apical	 30%	apical	 dendrite	
tuft	length tuft	length tuft	length length
(µm) (µm) (µm) (µm)
Upper	vMC	GLT	control 2418	±	391 2950	±	395 3583	±	541 3506	±	588
Upper	vMC	GLT	trimmed 2712	±720 3276	±	764 3684	±	794 2972	±	592
Comparison	between	the	control	and	trimmed	groups


















Cell		and	 Rembrandt Rembrandt Rembrandt Oblique	
group	type 10%	apical	 20%	apical	 30%	apical	 dendrite	
tuft	length tuft	length tuft	length length
(µm) (µm) (µm) (µm)
Lower	vMC	GLT	control 1760	±	816 2453	±	936 2878	±	930 3104	±	647
Lower	vMC	GLT	trimmed 1995	±617 2641	±	651 2918	±690 2983	±	624
Comparison	between	the	control	and	trimmed	groups









Having	 established	 the	 existence	 of	 the	 inter‐group	 differences,	 I	was	 interested	 in	 finding	
out,	 exactly	 where	 along	 the	 vertical	 span	 of	 the	 apical	 tuft	 the	 changes	 existed.	 This	 was	
interesting,	 given	 that	 the	 thalamic	 innervation	 from	 VPM	 and/or	 POm	 were	 hypothesized	 to	
influence	 any	 changes	 in	 S1	 dendrite	 complexity	 due	 to	 the	 trimming	 protocol.	 In	 order	 to	
investigate	 the	 spatial	 location	 of	 the	 inter‐group	 differences,	 I	 used	 another	 custom‐written	
programme	called	Rothko	v041	that	used	the	dendritic	density	patterns	for	cells	obtained	from	the	
Rembrandt	 programme	 and	plotted	 them	on	 a	 two‐dimensional	 scale.	 So,	 using	 this	 programme,	
one	could	see	the	quantitative	pattern	of	dendritic	length/complexity	of	cells	starting	from	the	pia	
to	 the	 entire	 vertical	 span	 of	 the	 cell.	 However,	 because	 the	 oblique	 dendrites	 are	 by	 and	 large	
concentrated	in	a	small	volume	near	the	soma,	this	analysis	was	not	of	paramount	interest	 in	the	









exact	 spatial	 locations	 of	 any	 inter‐group	 differences.	 Additionally,	 I	 also	 generated	 Rothko	 two‐





















































































































































septae‐related	 information	 in	S1,	 I	was	motivated	to	 look	 into	how	the	 innervation	pattern	of	 the	
thalamic	 nuclei	 would	 overlap	 with	 the	 dendritic	 profiles	 of	 the	 S1	 GLT	 cells.	 The	 figure	 below	
shows	the	overlap	of	the	S1	GLT	control	and	trimmed	profiles	with	the	VPM	and	POm	innervation	













In	 this	 thesis,	 I	 have	 investigated	 an	 enduring	 question	 of	 systems	 neuroscience,	 namely,	
whether	a	mature	neocortex	can	be	malleable	enough	in	the	face	of	incoming	sensory	information.	
Otherwise	stated,	can	experience	alter	the	structural	organisation	of	an	adult	neuronal	network?		
To	 investigate	 this,	 I	 looked	 into	 the	 effect	 of	 sensory	 experience	 on	 the	 structure	 of	 genetically	
defined	layer	Vb	thick‐tufted	cells,	that	expressed	EGFP	under	the	control	of	the	promoter	for	the	
enzyme	glycosyltransferase	25	domain	containing	2	(GLT	or	glt25d2),	characteristically	found	in	a	
subpopulation	 of	 layer	 Vb	 pyramidal	 cells.	 The	 afferent	 innervations,	 as	 well	 as,	 the	 efferent	
projections	 from	these	cells	are	well	known.	The	work	presented	 in	 this	 thesis	 is	 the	 first	known	
attempt	 to	study	structural	plasticity	 in	genetically	 identified	 layer	Vb	cells	 in	mature	neocortical	
areas.	
A	 three‐tier	 analysis	 of	 the	 dendritic	 complexity	 of	 these	 neurons	 threw	 up	 interesting	
changes	 in	 various	 parameters.	 The	 main	 findings	 of	 this	 study	 were	 that	 although	 the	 lack	 of	
sensory	input	resulted	in	no	significant	changes	in	the	branchiness	of	the	dendrites	in	the	deprived	
animals	 as	 compared	 to	 the	 controls,	 there	 were	 significant	 differences	 in	 dendritic	 lengths	
between	 the	 groups.	 The	 apical	 tufts	 of	 the	 barrel	 cortex	 layer	 Vb	 thick‐tufted	 (GLT)	 cells	 were	
significantly	shorter	in	the	deprived	group	than	in	the	control	group.	On	the	contrary,	however,	the	
basilar	dendrites	of	the	same	cells	did	not	significantly	differ	in	length	in	the	two	groups.	Moreover,	
another	 parameter,	 namely,	 oblique	 dendrites,	 also	 exhibited	 significantly	 longer	 lengths	 in	 the	
control	 group	 when	 compared	 to	 those	 of	 the	 deprived	 groups.	 Further,	 these	 changes	 were	
compartmentalised	in	certain	specific	regions	along	the	vertical	span	of	the	cells.	Interestingly,	the	
loci	of	changes	reported	here	overlap	rather	well	with	 the	 innervation	maxima	of	 the	POm	axons	
and	 to	 a	 minor	 extent	 with	 the	 VPM	 axons.	 The	 shortening	 of	 dendrites	 in	 the	 deprived	 barrel	
cortex	cells	took	place	at	the	apical	tufts	as	well	as	the	proximal	oblique	dendrites	(innervated	by	
POm	axons)	while	showing	no	changes	of	basal	dendrites	and	distal	oblique	dendrites	where	 the	
VPM	 axons	 project.	 In	 surprising	 contrast	 however,	 the	 vibrissa	 motor	 cortex	 cells	 showed	 no	
significant	 differences	 between	 the	 control	 and	 deprived	 groups.	 Nonetheless,	 even	 these	 cells	






Although	 a	 number	 of	 studies	 show	 various	 plastic	mechanisms	 in	 adult	 animals,	 a	 heavy	
majority	of	these	studies	have	concentrated	on	spine	dynamics	and	synaptic	changes	(Buonomano	
and	Merzenich,	1998,	Grutzendler	et	al.,	2002,	Trachtenberg	et	al.,	2002).	Relatively	lesser	number	








That	 adult	 neocortex	 could	 be	 pliable	 was	 reported	 by,	 among	 others,	 Volkmar	 and	
Greenough	 as	 early	 as	 1972	 (Volkmar	 and	 Greenough,	 1972),	 when	 they	 observed	 increased	
branchiness	in	higher	order	dendrites	in	adult	rat	visual	cortex	when	raised	in	social‐	and	tactile‐	
enriched	 environs.	 When	 compared	 to	 the	 rats	 raised	 individually	 or	 in	 pairs,	 in	 standard	
laboratory	 cages,	 rats	 that	 were	 raised	 in	 groups	 in	 much	 larger	 cages	 with	 environmental	
enrichment	 (sets	 of	 wood,	 metal	 and	 plastic	 toys)	 showed	 more	 branchiness	 in	 higher	 order	
dendrites.	Additionally	higher‐	order	dendrites	had	more	branches	 in	 the	paired	housing	animals	
than	 the	 isolated	 ones.	 	 The	 authors	 attributed	 this	 difference	 to	 the	 effect	 of	 differential	
environmental	stimulation	during	rearing.	An	extension	of	this	study	by	the	same	group	using	the	
same	experimental	protocol	confirmed	the	earlier	results	and	further	looked	at	the	domains	of	such	
changes	 (Greenough	 and	 Volkmar,	 1973).	 They	 reported	 increased	 branches	 in	 the	 proximally	
located	 dendrites	 of	 visual	 cortex	 pyramids	 of	 rats	 from	 the	 environmental‐enrichment	 group	 in	
comparison	to	the	isolated	or	pair‐raised	rats.	However,	they	failed	to	see	any	changes	in	dendritic	
lengths	 in	between	 the	groups,	although,	 they	did	 report	on	a	 tendency	of	 longer	apical	 shafts	 in	
rats	 raised	 in	 complex	 environments.	 This	 was	 probably	 due	 to	 limited	 preservation	 of	 the	
arborisations	 of	 apical	 dendrites	 in	 the	 100	 µm	 slices	 used	 in	 the	 study.	 In	 1978,	 Uylings	 and	






Greenough	 and	 colleagues	 reported	 an	 increase	 in	 the	 number	 of	 branches	 in	 the	 distal	 regions	
(more	than	250	µm	away	from	soma)	of	visual	cortex	layer	IV	and	V	pyramidal	cell	apical	dendrites	
in	adult	rats	 that	were	subjected	to	 the	Hebb‐Williams	maze	training	(Greenough	et	al.,	1979).	 In	
stark	 contrast	 to	 the	 studies	 mentioned	 above	 however,	 they	 could	 not	 find	 any	 significant	
differences	in	the	basal	dendrites	or	the	proximal	apical	dendrites	of	the	pyramids.	Even	here,	the	
limited	 preservation	 of	 dendritic	 arborisations	 was	 an	 issue	 in	 the	 100	 µm	 thick	 slices	 used.	
Subsequently,	Chang	and	Greenough,	by	 training	split‐brained	rats	 in	a	visually‐guided	maze	task	
with	one	eye	occluded,	showed	that	the	dendritic	complexity	of	layer	V	neurons	in	the	visual	cortex	
was	higher	 in	 the	 trained	hemisphere	 than	 in	 the	untrained	 (Chang	and	Greenough,	1982).	Using	
two	paradigms	of	occlusion,	one	unilateral	fixed	on	one	eye,	and	the	other	alternating	on	both	eyes,	
the	authors	observed	that	the	rats	trained	in	the	Hebb‐Williams	maze	task	had	longer	distal	apical	
oblique	 dendrites	 in	 their	 visual	 cortex	 layer	 V	 pyramids	 (in	 the	 contralateral	 cortex	 of	 the	
unilaterally	 occluded	 eye).	 This	 study	 showed	 for	 the	 first	 time	 that	 effects	 of	 training	 were	
localised	 in	 the	 sensory	 areas	 related	 to	 the	 training‐experience	 (Chang	 and	 Greenough,	 1982).	
Training	related	changes	were	also	reported	in	the	forepaw‐representative	motor‐sensory	frontal	
cortex	dendrites	of	rats	trained	in	a	food‐reaching	task	(Greenough	et	al.,	1985).	By	training	adult	
rats	 to	 either	 use	 their	 preferred	 forepaw	 or	 the	 non‐preferred	 one	 or	 both	 to	 reach	 for	 food	
rewards,	the	group	showed	that	the	apical	dendrites	of	layer	V	pyramids	had	larger	apical	dendritic	








brain	 stimulation.	 They	 coupled	 the	 stimulation	 protocol	 with	 a	 foreleg	 shock	 (trained)	 in	 one	
group	and	 left	 the	other	group	without	shock	(untrained).	 In	 the	hemisphere	contralateral	 to	 the	
stimulated	side,	apart	from	the	length	and	branchiness	changes,	they	also	found	increased	dendritic	







language,	 Wernicke’s	 area,	 and	 the	 level	 of	 education	 in	 human	 samples	 obtained	 post‐mortem	
(Jacobs	 et	 al.,	 1993).	 Subjects	 with	 a	 university	 education	 reportedly	 had	 longer	 dendrites	 than	
subjects	with	a	high	school	background,	who,	 in	 turn,	had	 longer	dendrites	 than	 those	with	even	
lesser	 education.	 The	 effects	 were	 more	 pronounced	 in	 distal	 dendritic	 segments	 than	 in	 the	
proximal.	 To	 test	 the	 hypothesis	 that	 dendritic	 complexity	 in	 the	 brain	 was	 dependent	 on	 the	
computational	complexities	of	the	tasks	performed	by	the	area,	Scheibel	and	colleagues	looked	at	
and	reported	 increased	dendritic	complexity	 in	 the	digit	 region	of	human	somatosensory	cortical	
area,	related	to	more	complex	and	finer	movements,	than	in	the	regions	associated	with	the	trunk	
(Scheibel	et	al.,	1990).	Additionally,	inter‐individual	complexity	of	dendrites	in	the	trunk	and	digit	











of	 layer	V	pyramids	 in	primary	 somatosensory	 (barrel)	 cortex	of	 adult	mice	 (Trachtenberg	et	 al.,	
2002).	 After	 chessboard	 whisker	 deprivation	 (trimming	 every	 other	 whisker),	 they	 reported	 an	
increase	in	spine	turnover	(more	transient	spines)	at	the	cost	of	stable	spines	albeit	leaving	spine	
density	unaltered.	About	60%	of	all	spines	were	reportedly	stable,	of	which,	50%	were	really	stable	
over	 long	time	periods	(>30	days).	They	also	 looked	at	structural	stability	of	dendrites	over	 time	
and	found	no	length	changes,	although	they	did	not	compare	with	that	in	deprived	animals.	
Mizrahi	and	Katz	looked	at	the	stability	of	mitral	and	tufted	cell	apical	dendrite	stability	in	
the	olfactory	bulb	of	 adult	mice	 expressing	 yellow	 flouorescent	protein	 (YFP)	 (Mizrahi	 and	Katz,	
2003).	In	addition	to	imaging	dendritic	stability	over	time	in	natural	conditions,	they	also	looked	at	
dendritic	stability	in	the	face	of	altered	neuronal	activation	either	induced	pharmacologically	or	by	
a	 physiologically	 more	 relevant	 olfactory	 learning	 task.	 They	 found	 that	 the	 gross	 dendritic	






Another	 study	 imaged	 the	 stability	 of	 spines	 over	 time	 in	 stretches	 of	 layer	 V	 pyramidal	
neurons	in	visual	cortex	of	adult	mice	expressing	yellow	flouorescent	protein	and	came	to	conclude	
that	about	96%	of	all	spines	were	stable.	This	fraction	of	stable	spines	did	go	down	with	increases	
in	 imaging	 intervals	 but	 remained	 consistently	 higher	 than	 in	 young	 animals	 (Grutzendler	 et	 al.,	
2002).	
Tailby	 and	 colleagues	 also	 studied	 experience‐dependent	dendritic	 structural	 plasticity	 in	
adult	 barrel	 cortex	 of	whisker‐deafferented	 rats.	Using	 acute	 barrel	 cortex	 slices	 (150	µm	 thick),	
they	investigated	whether	vibrissectomy	of	all	the	major	posterior	snout	vibrissae	and	follicles	and	
some	of	 those	on	the	mystacial	pad	had	an	 impact	on	the	dendritic	 length,	orientation,	and	spine	






dendritic	 structural	 alterations.	 However,	 they	 could	 only	 track	 42%	of	 pyramidal	 cell	 dendrites	
and	 also	 did	 not	 rule	 out	 remodelling	 of	 dendritic	 arbours	 in	 pyramidal	 neurons	 following	
peripheral	sensory	manipulations	(Lee	et	al.,	2006).	
Cheetham	 and	 co‐workers,	 on	 bilateral	 whisker	 trimming	 of	 rats,	 reported	 considerable	
axonal	remodelling	in	the	vicinity	of	synaptically	coupled	layer	II/III	pyramids	in	rat	barrel	cortex	
but	only	minor	alterations	in	dendritic	structure	(Cheetham	et	al.,	2008).	Although,	total	dendritic	








However,	 all	 the	 in	vivo	 studies	did	not	 look	 at	 cell	 types	 in	deeper	 layers	because	 current	





these	 studies	effects	of	 sensory	deprivation	or	enrichment	have	been	 looked	at	without	previous	




amount	of	changes	at	 the	 level	of	spines	owing	to	 the	reduction	 in	 lengths.	Spines	 form	the	post‐
synaptic	 compartment	 of	 the	 functional	 connections	 (mostly	 excitatory)	 called	 synapses.	 So,	 a	
reduction	 in	 the	 number	 of	 spines	 could	 also	 be	 translated	 to	 a	 loss	 of	 potential	 synapses.	 This,	
coupled	 with	 the	 simultaneous	 reduction	 in	 presynaptic	 boutons	 and	 lengths	 of	 thalamocortical	
axons,	in	line	with	several	studies	(Wimmer	et	al.,	2010,	Oberlaender	et	al.,	2012),	could	result	in	a	
substantial	alteration	of	possible	connections	in	the	deprived	animals.		
Larkman	 in	 1991	provided	 a	 good	 absolute	 estimate	 of	 the	 distribution	 of	 spines	 in	 thick‐
tufted	 neurons	 from	 layer	 V	 (Larkman,	 1991).	 In	 rat	 visual	 cortex	 layer	 V	 thick‐tufted	 neurons,	
which	were	 intracellularly	 labelled	with	horseradish	peroxidase,	 he	 reported	 the	maximum	 spine	
density	of	5‐8	spines/µm	on	 the	apical	 trunk,	which	were	 in	good	agreement	with	contemporary	
studies	(Feldman	and	Peters,	1979).	For	thick‐tufted	layer	V	neurons,	Larkman	observed	an	overall	
spine	 density	 of	 about	 1.65	 spines/µm	 of	 dendrite.	 However,	 spine	 distribution	 was	 very	










as	 is	 the	 case	 in	10%,	20%	and	30%	apical	 tuft	 lengths	of	 the	 scaled	barrel	 cortex	 layer	V	 thick‐
tufted	 cells,	 translate	 to	 a	 loss	 of	 about	 487	 (≈29%),	 616	 (≈36%),	 and	 617	 (≈36%)	 spines	
respectively	 from	the	apical	tuft	spine	pool.	 If	one	takes	the	shrinkage	of	apical	oblique	dendrites	





Taken	 together,	 spine	 loss	 reported,	 when	 30%	 apical	 tuft	 length	 and	 oblique	 dendrites	 are	










the	 layer	 V	 thick‐tufted	 neurons	 were	 located	 preferentially	 on	 the	 basal	 and	 apical	 oblique	
dendrites	(Markram	et	al.,	1997).		Although,	the	particular	types	of	spines	among	the	missing	pool	
cannot	be	determined,	it	is	perceivable,	that	there	were	stable	spines	among	8%	of	the	total	spine	
pool,	 and	 hence,	 their	 loss	 could	 possibly	 have	 a	 significant	 effect	 on	 plasticity,	 and	 thereby,	
learning	and	memory,	of	the	animal.	
Although	 spine	 densities,	 distribution	 bias,	 dendritic	 lengths	 and	 extent	 of	 plasticity	 in	
cortical	 cells	 is	 cell‐type	 and	 layer	 specific,	 these	 extrapolations	 per	 cell	 shown	 above	 could	 be	
extended	to	all	 the	excitatory	neurons	 in	a	column,	totalling	16189	cells	(Meyer	et	al.,	2010),	and	
the	macrovibrissae	representation	of	all	columns	(an	average	of	32	columns).	One	could	then	get	to	







in	total	over	8	days per	day	 per	hour per	minute
in	30%	apical	tuft	 617 77 3.2 0.05
in	oblique	dendrites 552 69 2.9 0.05
per	GLT	cell* 1169 146 6 0.1
per	column 18924941 2365618 98567 1643







in	 development	 as	 well	 as	 adulthood.	 Like	 in	 development,	 experience‐dependent	 structural	







al.,	 2002)	 and	 the	 other	 involving	 craniotomy	 to	 create	 a	 glass	 window	 (Holtmaat	 et	 al.,	 2009),	
various	 studies	 have	 come	 up	 with	 highly	 varying	 spine	 turnover	 values.	 Trachtenberg	 and	
colleagues	 (Trachtenberg	 et	 al.,	 2002)	 observed	 using	 a	 cranial	 window	 in	 adult	 mouse	 barrel	
cortex	 that	 barring	 ≈50%	of	 the	 total	 spine	 pool,	which	was	 stable,	 or	 persistent	 for	 the	 imaged	
period	of	8	days,	other	spines	were	 fleeting	structures.	Some	disappeared	within	a	day	and	were	
termed	 transient	 spines	 (≈17%)	while	 others	persisted	 for	 2‐3	days	 and	were	 called	 semi‐stable	
spines	 (≈23%).	At	 this	 juncture,	 chessboard	deprivation	 increased	 the	pool	of	 transient	 spines	at	
the	cost	of	stable	spines.		
Simultaneously,	 Grutzendler	 and	 his	 colleagues	 employed	 an	 alternative	 technique	 using	 a	
thinned	skull	(minimally	invasive)	to	study	spine	turnover	in	visual	cortex	of	young	and	adult	mice	
raised	 in	normal	environments	 (Grutzendler	 et	 al.,	 2002).	 Interestingly,	 they	came	up	with	much	




≈96%	 of	 the	 spines	 remains	 stable	 over	 the	 same	 time	 period.	 The	 same	 group	 used	 both	 the	
methods	simultaneously	in	a	separate	study	to	qualitatively	compare	and	find	possible	explanations	
for	the	vastly	differential	values	(Xu	et	al.,	2007)	and	found	that	in	a	more	invasive	paradigm	like	
cranial	 window,	 there	 is	 massive	 activation	 of	 microglia	 and	 astrocytes	 around	 the	 site	 of	 skull	
opening	(for	up	to	2	months	after	surgery)	and	this	probably	leads	to	altered	spine	dynamics	in	this	




plasticity	 (Allen	 and	 Barres,	 2005),	 and	 hence,	 could	 alter	 observed	 spine	 turnover	 in	 cranial	
window	models,	the	thinned	skull	model	might	provide	a	more	realistic	estimate	of	spine	turnover.	
If	 one	 takes	 the	 spine	 turnover	 literature	 in	 context	 of	 the	 results	 of	 this	 thesis,	 then	 it	 is	
conceivable,	assuming	a	homogenous	distribution	of	stable,	semi‐stable	and	transient	spines	all	over	




were	 likely	 to	be	stable	spines	and	 the	other	≈27%	constituting	 the	 turnover	pool.	Similar	 to	 the	
spine	loss	estimates	in	last	section,	this	loss	of	specific	spine	types	could	be	extended	to	the	column,	





Spine	 remodelling	 and	 turnover	 have	 been	 shown	 to	 correlate	 positively	 with	 learning‐
induced	behavioural	 improvements	(Yang	et	al.,	2009).	Especially,	stable	spines	 from	the	existing	
pool	as	well	as	learning‐induced	newly	formed	spines	that	would	go	on	to	become	stable,	provide	a	
structural	scaffold	 for	memory	consolidation	 in	the	animal	(Yang	et	al.,	2009).	 In	 light	of	 this,	 the	
loss	 of	 stable	 and	 transient	 (that	 could	 go	 on	 to	 become	 stable)	 spines	 in	 animals	 deprived	 of	
sensory	input	shown	above	in	table	4.2	could	have	implications	in	the	learning‐induced	behaviour	
of	 the	 animal.	 Lost	 spines,	 for	 example,	 cannot	 be	 re‐employed	 for	 subsequent	 learning	 or	





in	total	over	8	days per	day	 per	hour per	minute
in	30%	apical	tuft	 450	+	167 56	+	21 2.3	+	0.9 0.03	+	0.02
in	oblique	dendrites 403	+	149 50	+	19 2.1	+	0.8 0.03	+	0.01
per	GLT	cell* 853	+	316 107	+	40 4.5	+	1.7 0.08	+	0.03
per	column 13809217	+	5115724 1726152	+	639466 71923	+	26644 1199	+	444








exhibit	 distal‐synaptic	 input	 evoked	 Ca2+	 depolarisations	 that	 originate	 in	 distal	 apical	 dendrites	
(Schiller	 et	 al.,	 1995,	 Schiller	 et	 al.,	 1997,	Helmchen	 et	 al.,	 1999).	 These	 back	 propagating	 action	
potentials	have	been	shown	to	be	able	to	lower	the	threshold	for	the	Ca2+	induced	depolarisations	
and	 action	 potentials	 mentioned	 above	 (Larkum	 et	 al.,	 1999a,	 Larkum	 et	 al.,	 1999b,	 2001).	
Moreover,	 in	 these	 neurons,	 the	 exact	 spatial	 location	 of	 the	 oblique	 dendrites	 in	 relation	 to	 the	
soma	have	been	shown	to	influence	coupling,	the	reduction	in	threshold	for	initiation	of	a	dendritic	
Ca2+	 action	 potential	 due	 to	 a	 coincident	 somatic	 back	 propagating	 action	 potential,	 between	




of	 these	 layer	V	pyramidal	cells	appear	 to	be	more	 important	 than	 thought,	and	 is	more	 likely	 to	





the	 deprived	 animals	 show	 their	maximum	dendritic	 shrinkage	 in	 the	 apical	 tuft	 of	 layers	 I	 and	
II/III	as	well	as	in	the	proximal	apical	oblique	dendrites	in	layer	V	and	partly	in	layer	IV,	the	sites	of	
maximum	plastic	potential	through	various	mechanisms,	possibly	indicating	that	sensory	input	can	
indeed	 restructure	 dendritic	 branching	 patterns,	 to	 unleash	 the	 plastic	 potential	 of	 the	 neuronal	
circuitry	and	accommodate	new	experiences.		
4.5 Sparing	of	vibrissa	motor	cortex	cells	








From	a	number	of	studies	 in	 the	rat,	 it	 is	known	that	 the	vibrissae	representation	 in	 the	primary	
motor	cortex	receive	projections	from	the	thalamic	POm	nucleus	but	not	from	the	VPM	(Cicirata	et	
al.,	1986,	Aldes,	1988,	Hoffer	and	Alloway,	2001,	Chakrabarti	and	Alloway,	2006).	This	knowledge	
becomes	 even	more	 intuitive	 when	 one	 considers	 that	 the	 barrel	 cortex	 projections	 to	 the	 vM1	
originate	 from	 the	 cells	 that	 are	 vertically	 aligned	 to	 layer	 IV	 septae	 (Alloway	 et	 al.,	 2004,	
Chakrabarti	and	Alloway,	2006).	In	other	words,	the	whisker–related	information	converging	to	the	
vM1	 is	derived	 from	the	paralemniscal	pathway.	From	studies	 in	mice,	 similar	observations	have	
been	drawn.	Tracer	 studies	have	 shown	 reciprocal	 connections	between	 vM1	 and	 the	 superficial	





axons	 from	 S1	 and	 the	 dendrites	 of	 vM1	 deeper	 layer	 cells	 (Mao	 et	 al.,	 2011).	 However,	 this	 is	
understandable,	considering	that	extensive	overlap	of	axons	and	dendrites	does	not	always	extend	
to	 strong	 functional	 connections	 (Dantzker	 and	 Callaway,	 2000,	 Callaway,	 2002,	 White,	 2002,	
Shepherd	and	Svoboda,	2005,	Petreanu	et	al.,	2009).	
In	 light	 of	 these	 studies,	 the	most	 likely	 explanation	 for	 not	 seeing	 a	 significant	 difference	
between	the	dendritic	lengths	of	control	and	deprived	group	of	layer	Vb	thick‐tufted	cells	from	the	
vibrissa	motor	cortex	is	their	probable	lack	of	strong	inputs	from	the	barrel	cortex	cells.	It	appears	




Another	 peculiar	 observation	 from	 the	 studied	 data	 set	 was	 that	 although	 statistically	
significant	 differences	 were	 missing,	 the	 trimmed	 group	 of	 motor	 cortex	 cells	 for	 most	 of	 the	
comparisons	had	slightly	higher	dendritic	 lengths	 than	the	control	group	of	cells.	This	could	very	
well	be	a	random	sampling	bias	and	can	only	be	confirmed	by	increasing	the	number	of	samples	in	
the	 study.	 An	 alternative	 possibility	 is	 also	 feasible.	 In	 the	 experimental	 paradigm	 adopted	 for	
whisker	trimming,	the	mystacial	hairs	of	the	animals	were	trimmed	as	close	to	the	skin	as	possible	
every	day.	However,	 this	method	does	not	destroy	the	hair	 follicles,	 the	muscles	 involved	 in	their	
control	or	the	afferent	and	efferent	innervations.	So	it	is	conceivable	that	owing	to	the	lack	of	input	





the	 other	 hand,	 this	 could	 certainly	 be	 crosschecked	 by	 adopting	 sensory	 deafferentation	 of	 the	
whisker	system	as	the	deprivation	paradigm	and	then	looking	at	the	vM1	cells.	
4.6 Methodological	caveats	
A	serious	methodological	 limitation	of	 the	study	presented	 in	this	thesis	and	in	any	 in	vitro	
study	as	such,	is	the	extent	of	preserved	structure	in	the	cyto‐architecture.	Invariably,	a	fraction	of	
the	neuronal	processes,	 especially,	 the	distal	 apical	 arborisations,	 get	 cut	during	 the	brain‐slicing	
procedure	and	are	likely	to	underestimate	the	apical	tuft	lengths.	This	could	potentially	lead	to	an	
unintended	bias	if	one	of	the	groups	gets	more	affected	than	the	other.	This	was	also	mentioned	in	




been	kept	 identical	 in	both	 the	groups.	Another	possible	source	of	error	 in	 this	study	could	arise	
from	 the	 cell	 filling	 itself.	 Although,	 biocytin	 staining	 is	 a	 very	 reliably	 established	 process,	 one	









The	 results	 presented	 in	 this	 thesis	 show	 the	 existence	 of	 experience‐dependent	 dendritic	
remodelling	 in	 adult	 neocortical	 cells.	 Although,	 evidences	 exist,	 both	 in	 support	 and	 against	







to	 the	 functional	 changes	 known	 to	 exist	 resulting	 from	 experimental	 manipulations	 of	 the	
projection	systems	to	and	from	these	cells.	Layer	V	thick‐tufted	neurons	form	an	important	output	
projection	source	to	several	sub‐cortical	targets	and	those	in	the	barrel	cortex	receive	 input	from	
the	main	 afferent	 systems	 in	 the	 whisker‐to‐barrel	 system,	 carrying	 vital	 information	 about	 the	






surprising	 to	not	see	any	changes	 in	 these	cells	after	whisker‐deprivation.	However,	as	discussed	
before,	this	could	have	been	due	to	the	deprivation	protocol	employed	in	the	study	that	perhaps	did	
not	affect	these	cells.	It	needs	to	be	seen	whether	these	cells	show	dendritic	structural	plasticity	in	
the	 face	 of	 other	 deprivation	 protocols.	 Having	 investigated	 the	 experience‐dependent	 plastic	
changes	 in	 the	 thick‐tufted	 layer	V	pyramidal	neurons	 in	barrel	and	motor	cortices,	 it	might	be	a	
logical	 step	 to	 study	 them	 in	 the	 visual	 cortex	 after	 sensory	 deprivation	 (e.g.	 monocular	
deprivation).	Subsequently,	it	would	be	very	interesting	to	study	the	thin‐tufted	neurons	of	layer	V	
pyramidal	neurons,	which,	apart	from	forming	the	other	predominant	cell	type	in	layer	V,	 lack	an	
elaborate	 dendritic	 arborisation	 in	 the	 superficial	 cortical	 layers.	 Whether	 the	 loci	 of	 plastic	
changes,	 if	 any,	 in	 thin‐tufted	 neurons	 are	more	 concentrated	 in	 the	 basal	 parts	 of	 the	 dendritic	
arborisation,	 in	 contrast	 to	 the	 thick‐tufted	 neurons,	 would	 help	 us	 understand	 the	 different	
plasticity	 mechanisms	 employed	 by	 the	 various	 cell	 types	 better.	 The	 observations	 can	 then	
probably	 be	 causally	 linked	 to	 the	 information	pathways	 to	 and	 from	 these	 cells	 and	would	 also	
help	 us	 investigate	 the	 different	 levels	 of	 sensory	 processing	 in	 the	 adult	 nervous	 system.	 The	
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